The surface energy budget in Antarctic latitudes is evaluated for the medium-range numerical weather forecasts produced by the National Centers for Environmental Prediction (NCEP) and for the NCEP-National Center for Atmospheric Research reanalysis project during the winter, spring, and summer special observing periods (SOPs) of the Antarctic First Regional Observing Study of Troposphere project. A significant change in the energy balance resulted from an extensive model update beginning with the forecasts initialized on 11 January 1995 during the summer SOP. Both the forecasts and the reanalysis include significant errors in the surface energy balance over Antarctica. The errors often tend to cancel and thus produce reasonable surface temperature fields. General errors include downward longwave radiation about 30-50 W m Ϫ2 too small. Lower than observed cloudiness contributes to this error and to excessive downward shortwave radiation at the surface. The model albedo over Antarctica, about 75%, is lower than that derived from observations, about 81%. During the polar day, errors in net longwave and net shortwave radiation tend to cancel. The energy balance over Antarctica in the reanalysis is, in general, degraded from that of the forecasts.
Introduction
This paper examines the surface energy balance in high southern latitudes for the operational mediumrange weather forecasts produced by the National Centers for Environmental Prediction (NCEP, formerly the National Meteorological Center) during the Antarctic First Regional Observing Study of the Troposphere (FROST). Additionally, the balance is evaluated for the NCEP-National Center for Atmospheric Research (NCAR) reanalysis project. The Antarctic continent, being the coldest and driest place on Earth, presents unique challenges for global model forecasts. The climate of Antarctica is highly complex (Schwerdtfeger 1984; Dolgin 1986) , and the troposphere over the high Antarctic plateau exhibits a combination of unique physical phenomena. These features include surface air temperatures routinely below Ϫ50ЊC (Keller et al. 1989) , water vapor abundances rarely above 0.6 precipitable mm (Zav'yalova 1986), clear-sky precipitation (Miller 1974 ; VOLUME Smiley et al. 1980) , and a radiative cooling effect of CO 2 rather than a warming effect (Hanel et al. 1972) . The increased observations during the recent FROST project provide a unique opportunity to evaluate regional model performance.
W E A T H E R A N D F O R E C A S T I N G
In high southern latitudes, the performance of operational numerical analyses and forecasts is limited by a variety of obstacles including the scarcity of available data and communications problems associated with long distances and aurora effects. The above-mentioned extreme weather phenomena and sharp topographic contrasts also create unique difficulties for Antarctica. These factors result in forecasts and analyses that are of poorer quality compared with other parts of the world (Bourke 1996) . This problem has been addressed by the international Scientific Committee on Antarctic Research Working Group on Physics and Chemistry of the Atmosphere by advancing the FROST project as a research and data gathering exercise to evaluate the potential for improving the present situation (Bromwich and Smith 1993; Turner et al. 1996) .
The primary goal of FROST is to examine the performance of operational analyses and forecasts for Antarctica and the surrounding sea ice zone during three 1-month-long special observing periods (SOPs): (a) SOP-1 (winter) during July 1994, (b) SOP-2 (spring) during 15 October-15 November 1994, and (c) SOP-3 (summer) during January 1995 (Bromwich and Smith 1993; Turner et al. 1996) . The U.S. component of this project is an evaluation of analyses and forecasts produced by NCEP. Improvements in these numerical products are a priority for NCEP, due to both the need for reliable global atmospheric numerical analyses in climate research and NCEP's hemispheric obligations for weather prediction, which extend to South America. Additionally, the U.S. Navy's withdrawal from Antarctic missions in March 1998 after 42 years of service and the subsequent transfer of traditional support functions to civilian contractors will ultimately lead to an increased reliance on civilian weather centers (Augustine et al. 1997) .
In this paper, we shall focus on the boundary layer features forecast and analyzed by NCEP. Near-surface and boundary layer conditions play a uniquely dominant role in the atmospheric circulation over Antarctica. Physical processes within the lowest few hundred meters of the atmosphere, primarily the near-surface katabatic wind regime, produce the most significant forcing of the atmospheric flows (e.g., Parish 1988) . Consequently, the accurate reproduction of near-surface conditions is essential for the NCEP model. Section 2 provides an overview of the NCEP Global Data Assimilation System and the operational Global Spectral Model. In section 3, an overview is presented of the NCEP reanalysis. In section 4, the accuracy of the surface energy balance of the NCEP operational forecasts for SOP-1 is detailed. Section 5 provides the evaluation of the surface energy balance for SOP-2 and SOP-3. The surface energy balance of the NCEP reanalysis is evaluated in section 6. A summary of the results is presented in section 7.
NCEP operational forecasts during FROST

a. Model description
The NCEP operational Global Spectral Model is run for the production of several forecast products including the medium-range forecast (MRF), the aviation forecast, and parallel ensemble forecasts produced from initial condition perturbations. The model includes parameterizations of the major physical processes including convection, large-scale precipitation, shallow convection, gravity wave drag, radiation with diurnal cycle and interaction with clouds, boundary layer physics, interactive surface hydrology, and horizontal and vertical diffusion (Kanamitsu 1989; Kanamitsu et al. 1991) . Recent changes in the NCEP analysis-forecast system listed in Caplan et al. (1997) include updated radiation every 3 h, inclusion of Arakawa-Schubert convection, and increased vertical resolution to 28 layers. All of these updates were implemented prior to the FROST SOPs. A highly significant model update was implemented in January 1995 during SOP-3. The update involved parameterizations for clouds, surface physics, sea ice physics, as well as changes in the analysis system (Kalnay et al. 1996) . The improved diagnostic cloud scheme resulted in more realistic outgoing longwave radiation (Campana et al. 1994) . The new soil model resulted in more realistic surface temperature and summertime precipitation (Pan and Mahrt 1987) . The horizontal resolution is T126 (about 105 km), which is approximately equivalent to 1Њ ϫ 1Њ resolution. In the vertical, 28 sigma levels are included. The 7-day forecasts examined here are run daily from 0000 UTC. A significant obstacle to evaluation of the operational model is that it is routinely modified based on research efforts and operational considerations. The FROST project encompasses the performance of several operational models; it was not possible to devise SOPs to accommodate periodic changes to all models examined.
b. Boundary layer
A significant update to the MRF surface physics occurred during SOP-3. The revised parameterizations are described by Betts et al. (1996) . This more recent version of the MRF was used for the NCEP-NCAR reanalysis. Further revisions to the boundary layer Caplan et al. 1997 ) have been implemented afterward and do not influence the forecasts and analyses considered by this paper. The version of the MRF used for the reanalysis includes five layers in the lowest 1000 m of the atmosphere, with the lowest layer about 70 m thick near Antarctica. The lowest model layer is assumed to be the surface layer. The Monin-
Obukhov similarity profile is applied at this layer based on Miyakoda and Sirutis (1986) , with modifications for very stable and very unstable conditions. King (1990) discusses winter observations from Halley station that suggest surface boundary layer parameterizations are best applied locally for a much shallower layer than used by the MRF. He finds that surface-layer parameterizations can lose accuracy at levels above about 5 m when the stratification is highly stable. The MRF calculates turbulent exchange coefficients and applies bulk aerodynamic formulas for the surface fluxes. Above the surface, a local stability dependent diffusion scheme is used to define the eddy diffusivities (Louis 1979) . The MRF also includes the two-layer soil model of Mahrt and Pan (1984) and Pan and Mahrt (1987) with minor modifications based on Pan (1990) .
Most surface energy balance terms are classified as C variables, which are completely determined by the model and only indirectly influenced by the observations during the initialization (Kalnay et al. 1996) . Thus the surface energy balance provides a good means to test the physics of the MRF. The surface energy balance is given by
p where I is the net energy balance, C s is heat capacity, ␣ is the albedo, S(↓) is the downward shortwave flux, L(↓) is the downward longwave flux, is the StefanBoltzmann constant, T s is surface temperature, G is upward ground heat flux, ␤ is moisture availability, L is latent heat of vaporization or sublimation, E p is potential evaporation, and S is downward sensible heat flux. In (1), ground heat flux and sensible heat flux are defined with the opposite sign of the usual convention so that each are positive when contributing to surface warming. The method of determining albedo over sea ice is given by Grumbine (1994) . The moisture availability over ice and snow surfaces and the surface emissivity are taken as unity. As the significant changes to the NCEP model occurred during SOP-3, we shall limit our evaluation of that period.
c. Synoptic evaluation
As a complement to this study, an evaluation of the NCEP Global Spectral Model forecasts for the July 1994 SOP was performed by Bromwich et al. (1999, this issue, hereafter referred to as BCG). They suggested that deficiencies in the model initial fields result in substantial model drift. Several meteorological fields, including surface pressure and surface temperature, undergo adjustments during the 7-day forecast period. In the average of the forecast initialization fields for the polar night over Antarctica, the surface inversion is about half its observed strength. The largest error found by BCG in the initial tropospheric temperature profile is at the surface where temperatures are about 7 K too warm. Surface cooling and midtropospheric warming during the forecast improve the intensity of the MRF inversion. The katabatic winds over the continent are reasonably well produced in the NCEP analyses (0-h forecast), but the barrier winds east of the Antarctic Peninsula are not captured. Inadequate parameterization of horizontal diffusion leads to spurious cloud streets surrounded by dry areas over Antarctica. An update of the MRF during November 1997 has corrected this problem. Furthermore, BCG found that modeled precipitation minus evaporation is in excess of water substance available from atmospheric moisture convergence.
NCEP-NCAR reanalysis
As a prime component of the Climate Data Assimilation System project, NCEP and the National Center for Atmospheric Research (NCAR) have cooperated to produce global reanalyses of atmospheric fields from 1946 to the present with the same modern assimilation system (Kalnay et al. 1993 (Kalnay et al. , 1996 . This avoids the climate jumps believed to be included in the standard NCEP analysis due to many model updates. The reanalysis should be valuable for many purposes (e.g., Trenberth and Olson 1988) . This is particularly true of high southern latitudes, where the scarcity of data necessitates a complete assimilation of all meteorological observations available, including satellite data, to achieve an accurate depiction of the atmosphere. The NCEP-NCAR reanalysis was performed with a 28-level T62 version (about 210 km) of the NCEP global operational model implemented January 1995 during SOP-3. The analysis system includes spectral statistical interpolation, complex quality control of rawinsonde data, optimal interpolation-based quality control of all other data, improved averages by optimal averaging, optimal sea surface temperature reanalysis, and one-way coupled ocean model four-dimensional assimilation from 1982 onward. The reanalysis also includes 8-day forecasts initiated every 5 days. It is important that the reanalysis is carefully analyzed, and any deficiencies are detailed so that corrections can be applied in the future. Updated reanalyses by NCEP are planned approximately every five years.
Observational stations over the Antarctic continent and adjacent parts of the Southern Hemisphere are displayed in Fig. 1 . The high southern latitudes are an extremely data-sparse region. Nevertheless, highly valuable synoptic information is gained at existing sites. A recent decline in the total number of manned stations over Antarctica has been offset by an increasing number of automatic weather stations (AWS; Stearns et al. 1993 are available from algorithms applied to satellite data (Turner et al. 1996) and from drifting buoys in the western Ross and Weddell Seas. Cullather et al. (1997a) give an evaluation of the success of the NCEP operational analysis from 1985 to 1994. The NCEP operational analysis during the FROST winter SOP is discussed in detail by BCG.
NCEP operational forecasts for July 1994
The surface energy balance for Antarctic latitudes is perhaps simplest during the middle of the long polar night due to the lack of both solar shortwave radiation and the induced diurnal cycle. Twice-daily NCEP meteorological fields should present a good picture of the Antarctic energy balance produced by the forecast model during the austral winter. Except in the vicinity of the South Pole, this may not be the case during the polar day when fields every 12 h may not adequately represent the diurnal cycle. For simplicity, therefore, we begin the evaluation of NCEP operational forecasts with the wintertime SOP during July 1994. This SOP included a series of strong blocking events in the central and eastern Pacific. A basic review of the synoptic forecast skill of the MRF during this time is given by BCG. In the following discussion, we shall concentrate on features related to the surface energy balance. Figure 2a displays the average of the surface temperature forecasts for day 0.5 in the region south of 60ЊS. It was noted by BCG that the analysis (day 0) surface temperature was as much as 7 K too warm over the interior of Antarctica. This contributed to an analysis inversion strength roughly half that found by Phillpot and Zillman (1970) . Thus the static stability will be significantly underrepresented within the MRF boundary layer formulation. Interior surface temperatures cool slightly prior to day 0.5 of the forecast (BCG), producing a slightly stronger inversion over Antarctica. The surface cooling continues during the forecast over East Antarctica, except along the coast from 75Њ to 145ЊE (Fig. 2b) . Between day 0.5 and day 7.0, temperatures fall 2-8 K over the East Antarctic plateau and 2-5 K over the central Ross Ice Shelf. Interestingly, surface temperature warms over this period by about 2-6 K over West Antarctica, and by as much as 8 K over the southern Ronne-Filchner Ice Shelf. Except for the warming in the Weddell Sea, the sea-ice region generally under- goes a moderate cooling during the 7-day forecast period.
To detail the differences between the surface energy balance for West and East Antarctica, forecast output fields are spatially averaged for both areas. Averages are derived by choosing from a longitude-latitude grid 971 data points over West Antarctica north of 85ЊS and 5659 data points over East Antarctica. The points are weighted by the cosine of latitude. The averages exclude grid points over the Antarctic Peninsula east of 80ЊW or over sea ice. Table 1 displays terms related to the area-average energy balance for both East and West Antarctica. The sign conventions for latent, sensible, and snowpack heat fluxes are opposite those of the standard convention. Thus, positive (negative) values in Table 1 indicate a contribution to surface warming (cooling). Figure 3 shows the time evolution of some of the fields from Table 1 . During the forecast time period, downward longwave radiation is approximately constant over East Antarctica and increases by 12.4 W m Ϫ2 between days 0.5 and 7.0 over West Antarctica. The latter probably represents an improvement during the course of the forecast. The changes in downward longwave radiation are well correlated with those of midlevel cloudiness (not shown). Forecast cloudiness is, in general, small over Antarctica, with much larger cloud amounts at middle levels than at upper or low levels. For West Antarctica, the midlevel cloudiness increases from 24.6% at day 0.5 to 35.8% at day 3.0 before decreasing slightly to 32.9% at day 7.0. Over East Antarctica, the midlevel cloudiness is smaller, fluctuating between 18.5% and 22.3% during the forecast period. A slight amount of shortwave radiation reaches the near-coastal regions of East Antarctica at about local noon. The primary energy balance, however, is between net longwave radiation and sensible heat flux. The initially positive contribution of heat flux from within the snowpack to the surface (Fig. 3c ) decreases with time for West Antarctica as the surface warms by 3.1 K from day 0.5 to day 7.0, while the contribution from the snowpack for East Antarctica increases as the surface cools by 3.6 K. At the same time, the slight increase in the difference, 2-m temperature minus surface temperature, for East Antarctica indicates increasing static stability. The increasing static stability over East Antarctica contributes to decreasing turbulent heat flux downward to the surface (King and Connolley 1997) . Turbulent heat flux divergence, not radiative flux divergence, is the primary direct source of atmospheric cooling in the Antarctic winter boundary layer. The change with time of sensible heat flux and the 10-m wind speed are positively correlated for both East and West Antarctica (Figs. 3b and  3d ). The decrease with time of the katabatic winds over East Antarctica may appear unusual given the intensifying inversion; however, this emphasizes the subtle relationship between atmospheric temperature at model levels and the downslope pressure gradient force in the katabatic layer.
This difference in behavior between East and West Antarctica is shown by the net energy balance (Fig. 3c ).
The balance of terms is generally negative, implying cooling, over East Antarctica during the forecast period. Despite the net balance of Ϫ0.2 W m Ϫ2 for day 0.5 over West Antarctica, this quantity is positive from day 1.0 to day 3.0, implying regional warming. A positive feedback apparently contributes to the continued cooling over East Antarctica during the forecast period. The cooling surface increases the static stability, which decreases the contribution toward surface warming by turbulent heat flux. At the same time, upward longwave radiation and the net longwave cooling decrease. The longwave change, however, is unable to offset the reduction in turbulent warming at the surface. Consequently, the surface continues to cool. Over East Antarctica, Table 1 and Fig. 3 indicate that compensation for the reduced turbulent heating occurs from increased heat flux upward from the snowpack. Over West Antarctica, the balance is more easily achieved, and the flux from the snowpack decays initially, then remains relatively small. 0.0
The latitudinal distribution from 90Њ to 65ЊS of the surface energy balance terms is displayed in Fig. 4 . Latent heat flux is not plotted in the figure as this term is of much smaller magnitude than other terms. As was seen previously, the main balance is between the cooling by net radiation and warming by downward sensible heat flux. Both tend to decrease slightly in magnitude from forecast day 0.5 to forecast day 7.0. The maximum in sensible heat flux near 85ЊS results from high winds near the Transantarctic Mountains. The magnitude of the sensible heat flux decreases with time faster than that of the net radiation, consequently the heat flux up from the snowpack must increase to maintain the energy balance. Between the South Pole and 68ЊS, the net balance changes very slightly between day 0.5 and day 7.0. North of 68ЊS, open water is present and the net balance is large and negative.
An evaluation of model surface energy balance over Antarctica has recently been carried out by King and Connolley (1997) Comparison of the surface and 2-m temperatures for the model against the observed 1.5-m temperature demonstrates the finding of BCG that the near-surface temperatures in the model are warmer than the observed values early in the forecast. By day 7.0, model temperatures are colder than the observed climatological temperature at 1.5 m. The forecast 2-m temperature at this time, however, is close to the AWS observed value of Ϫ63.5ЊC at 3 m for July 1994 (Keller et al. 1996) .
The upward longwave radiation decreases with time, yet compares reasonably well with the observations. The downward longwave radiation, however, is about 40 W m Ϫ2 too small. The deficit in downward longwave radiation is a common problem for modeling studies, particularly for Antarctica (King and Connolley 1997; Briegleb and Bromwich 1998) . The MRF may have a global tendency toward the underprediction of cloudiness and drying of the atmosphere (Betts et al. 1996; Cullather et al. 1997b ). Both of these tendencies can exacerbate the downward longwave deficit. This results in the magnitude of the MRF net longwave radiation at the surface being about 35 W m Ϫ2 larger than observed. King and Connolley (1997) combined observed latent and sensible heat fluxes and did not provide individual values for the two terms. Nevertheless, during the polar night, latent heat flux should be at least an order of magnitude smaller than the sensible heat flux (Stearns and Weidner 1993) . For the MRF during SOP-1, sensible heat flux is two orders of magnitude larger than the latent heat flux and 21-37 W m Ϫ2 larger than the combined sensible and latent heat flux reported by King and Connolley (1997) . Dalrymple et al. (1966) estimate the downward sensible heat flux to be 27.4 W m Ϫ2 for July 1958. An improved estimate made by Stearns and Weidner (1993) with AWS data arrived at a much lower value, 8.2 W m Ϫ2 , for July 1986. Their work indicates that sensible heat flux is highly sensitive to the wind at 3 m above ground level for strong inversions. King and Connolley (1997) found that the Unified Climate Model overestimates the surface fluxes in highly stable boundary layers due to an overly large magnitude of the stability function for the bulk transfer coefficients. A similar effect could also be occurring within the MRF. Furthermore, the weakness of the MRF inversion noted by BCG implies an underestimated static stability and, ultimately, overestimated surface fluxes. Additionally, the vertical resolution of the MRF may not allow the model to capture the most intense layer of the inversion, normally close to the surface. The latent heat flux values in Table 2 can be compared with estimates of Ϫ0.5 W m Ϫ2 by Dalrymple et al. (1966) and Ϫ0.1 W m Ϫ2 by Stearns and Weidner (1993) . A latent heat flux of 1 W m Ϫ2 is equivalent to an evaporation rate of 0.928 mm month Ϫ1 . The surface cooling during the forecast period also results in the heat flux from the snowpack increasing from 4.6 W m Ϫ2 at day 0.5 to 14.2 W m Ϫ2 at day 7.0. The Antarctic snowpack does not conduct heat well and should not contribute much to the time-averaged energy balance during the seasonally stable month of July. Thus the MRF flux from the snowpack is 2-6 times too large in Table 2 . Dalrymple et al. (1966) estimate the observed flux at 1.4 W m Ϫ2 . The high value for the MRF may indicate that subsurface temperatures are too warm and not properly adjusting to the model climate. The snowpack heat flux does help balance the excessive longwave cooling at the surface. Similar evaluations at other Antarctic stations (not shown) also show marked excesses in longwave cooling, sensible heat flux, and snowpack heat flux.
An interesting feature seen in Fig. 4 is that the zonally averaged net surface energy balance is negative by up to 10 W m Ϫ2 at latitudes entirely over the Antarctic ice sheet, permanent ice shelves, or sea ice. This imbalance is significant and apparently results from sea ice treatment in the model. Figure 5 displays the net surface energy balance south of 70ЊS. Notice that over the Ross (150ЊW-165ЊE) and Ronne-Filchner (40Њ-70ЊW) Ice Shelves and the surrounding sea ice zone the balance is negative by roughly 20 W m Ϫ2 . Despite the negative net balance, the temperature rises over the Ronne-Filchner Ice Shelf and the nearby Weddell Sea (Fig. 2) . This unrealistic behavior can result from the physically inconsistent boundary conditions for the computation of surface temperature over sea ice. A simple improvement to the surface energy balance would be to treat the ice shelves as part of the Antarctic continent.
Operational forecasts for SOP-2 and SOP-3
In the previous section, the surface energy balance was evaluated in the absence of significant shortwave radiation. In this section, we examine the balance during the austral spring and summer when surface heating by solar radiation counters the cooling by longwave radiation. Figure 6 displays the surface temperature over high southern latitudes during SOP-2. Interior temperatures are about 20 K warmer than during SOP-1. The forecast drift from day 0.5 to day 7.0 is somewhat less than that of SOP-1; however, temperature still generally increases over West Antarctica and decreases over East Antarctica (Fig. 6b) .
The time evolution of the surface energy balance for the polar cap south of 85ЊS is shown in Fig. 7 . The surface energy balance over interior Antarctica appears to be more stable for the spring SOP than for the winter SOP. Correspondingly, the variation of the polar cap surface temperature is within about 1 K during the forecast period (not shown). The main balance is between heating by sensible heat flux down from the atmosphere and cooling by downward flux away from the surface into the snowpack. A modest decrease in sensible heat flux during the first 1.5 days of the forecast is largely balanced by a slight increase in the net radiation. This is accompanied by a slight decrease in area-averaged 10-m wind speed from 6.1 m s Ϫ1 at day 0.5 to 5.4 m s Ϫ1 at day 7.0. Interestingly, the net radiation is close to zero after day 1.5. The MRF apparently models the spring Antarctic warming as primarily due to atmospheric heat fluxes. While the net surface energy balance in Fig. 7 is typically small and positive, there is a slight diurnal variation, perhaps due to terrain asymmetry. This leads to a slight diurnal cycle of temperature with values oscillating about 0.4 K between the forecasts every 12 h.
The energy balance terms for SOP-2 near the South Pole are compared against the climatological observations compiled by King and Connolley (1997) in Table  3 . Their values are averaged over October and November to approximately match the 15 October-15 November period of SOP-2. Low-level model temperatures are 3-5 K warmer than the observed temperature with the difference decreasing over time. Downward longwave radiation by the MRF is again 20-30 W m Ϫ2 too small, leading to a large overestimate in the net longwave cooling at the surface. Interestingly, this error is largely balanced by excessive net shortwave radiation of almost 25 W m Ϫ2 . The Antarctic atmosphere is too transparent as the downward shortwave radiation is 31-35 W m Ϫ2 too large. Betts et al. (1996) indicate that the excessive transparency could be a global problem. Insufficient cloudiness, also noticed by Betts et al. (1996) in their boundary layer study comparing MRF output with observations at Manhattan, Kansas, contributes to the excessive shortwave radiation and deficit in longwave radiation at the surface. The model cloudiness at midlevels near the South Pole, about 20%, compares with climatological observations of about 50% cloudiness for October-November (Schwerdtfeger 1970) . Cloudiness for the MRF is much less at high levels and nonexistent at low levels near the South Pole, due to the elevated surface. Figure 8 displays the latitudinal distribution of energy balance terms for SOP-2 at day 0.5 and day 6.5. As the latent heat flux and net energy balance were similar at these two times, only the day 0.5 values of these two fields are plotted. Both the sensible and subsurface fluxes are excessive as seen from Table 3 . The influence of open water north of 73ЊS is very apparent for the latent heat flux and net radiation. The net balance is again negative between 85Њ and 73ЊS due to the large negative balance over sea ice and ice shelves. The net radiation tends to increase toward more realistic values between day 0.5 and day 6.5.
The summer SOP during January 1995 will not be evaluated in great detail as significant changes to the model were incorporated during this month, and there were problems with the initialization of model sea ice. Table 4 shows the average surface energy balance near the South Pole for the day 0.5 and day 7.0 forecasts for SOP-3. Due to the two different model regimes, caution must be used in interpreting the monthly average fields. Some trends seen in the spring SOP are also seen in SOP-3. Downward shortwave radiation, the magnitude of the net shortwave and longwave radiation, the heat flux into the snowpack and the lower boundary layer temperature are too large, and the downward longwave radiation and albedo are too small compared to the climatological observations. The net radiation at the surface for the MRF is surprisingly close to that of the observations, despite errors of over 40 W m Ϫ2 in the net shortwave and longwave radiation. During this month, sensible and latent heat flux are the same order of magnitude and the same sign. Both contribute modestly to cooling at the surface. Stearns and Weidner (1993) did not estimate latent heat flux based upon AWS observations for January; however, their December 1986 estimate of 23.4 W m Ϫ2 provides an approximation Fig. 4 except for FROST SOP-2 with latent heat flux (asterisks). Dashed lines represent day 6.5.
for the January value. Thus the MRF magnitude of 5-6 W m Ϫ2 may be an underestimate. The change in model formulation during SOP-3 provides an opportunity to observe the changing balance between the two regimes. Forecasts initialized the first 10 days of January are run with a version of the MRF highly similar to those used for SOP-1 and SOP-2. The version of the MRF used for the reanalysis is similar to the operational version first used for forecasts initialized on or after 11 January. Figure 9 shows the time evolution during January of forecast surface temperature, snowpack heat flux, sensible heat flux, and latent heat flux for the polar cap inside 85ЊS. The scale on the bottom of Fig. 9 shows the initialization date of the forecast. The day 0.5 forecast is valid at 1200 UTC of the same day, while the day 7.0 forecast is valid at 0000 UTC 7 days later. Significant and parallel jumps in the fields are seen at 11 January for both the day 0.5 and day 7.0 forecasts. This occurs despite the fact that the forecasts are valid 6.5 days apart. It is apparent that the updated forecast model predicts warmer surface temperature (Fig. 9a) . This is particularly true for the day 7.0 forecast, which has a longer response time to the model changes. As solar radiation is decreasing during January, the surface temperature gradually resumes a basically downward trend later in the month. From Fig.  9b , it is seen that all the surface cooling due to heat flux into the snowpack occurred prior to the model change. Nevertheless, the monthly average values are too large in magnitude in Table 4 .
The loss of the heat sink into the snowpack is the most likely cause of the surface warming at the transition. In order to maintain the surface energy balance, the sensible and latent heat fluxes contribute more to surface cooling for the updated version of the MRF. It is not clear whether the changes in sensible and latent heat flux are direct results of changes in their parameterizations, or whether they are simply responding to the increased surface temperature. Furthermore, since Table 4 indicates that the time-average model surface temperature was too warm for this month, the model update appears to have degraded the forecast of Antarctic surface temperature. The previously excessive heat flux between the surface and snowpack was overcorrected by the new regime.
NCEP-NCAR reanalysis evaluation
The FROST SOPs also provide an opportunity to evaluate the NCEP-NCAR reanalysis for high southern 
19.8 latitudes. Unlike the operational MRF, which is frequently updated, the NCEP model used for the reanalysis is frozen. Thus, while evaluations of the operational model can lose relevance with time as new parameterizations are implemented, evaluations for the reanalysis maintain their significance. Moreover, evaluations are especially important for the reanalysis as it is expected to have considerable use within the next few years. It is also an opportunity to compare the reanalysis against previous versions of the NCEP analysis-forecast system. Figure 10 shows the zonally averaged surface temperature from the reanalysis for the three SOPs. It is apparent that the seasonal variation increases southward toward the South Pole. In this section, we will concentrate on zonally averaged fields for simplicity. Figure  11 shows surface energy balance terms plotted versus latitude for the winter SOP. Similar to Fig. 4 for the operational model, the main balance is between sensible heat flux and net longwave radiation over Antarctic latitudes. The balance terms for the grid latitude nearest the South Pole are shown in Table 2 . Several components of the surface energy balance for the reanalysis are degraded compared to that of the operational forecasts for this period. The magnitude of the net longwave radiation has increased by 12-18 W m Ϫ2 compared to the operational forecasts. The downward sensible heat flux is also increased by 17-32 W m Ϫ2 . By comparison with the 13-yr mean of the reanalysis from 1982 to 1994, it can be seen that the reanalysis for July 1994 is well representative of multiyear mean. Thus, we can use FROST SOP-1 as a good example of the Antarctic winter.
Table 2 also shows that the deficit of downward longwave radiation has increased from 38-44 W m Ϫ2 in the operational forecasts to 62 W m Ϫ2 in the reanalysis. The extremely small cloud fraction, 7.1% at middle levels, is contributing to the deficit in downward longwave radiation. The deficit is somewhat smaller and the midlevel cloudiness increased for the 13-yr mean. Furthermore, the change made in the operational forecast model during January 1995 (Fig. 9 ) has resulted in no heat flux through the Antarctic snowpack. This is probably an improvement during winter over the previous operational forecasts, which included an excessive heat flux upward through the snowpack, especially several days into the forecast period. The loss of the flux up from the snowpack, however, is apparently contributing to lower boundary layer temperatures about 3ЊC colder than the observed climatology.
Curiously, the surface energy terms are not in balance as the net balance shows a deficit of 5.1 W m Ϫ2 for SOP-1. The excessive latent heat flux accounts for 87% of the imbalance. The large latent heat flux appears to be related to the excessive surface fluxes for stable nighttime boundary layers reported by Betts et al. (1996) in a study comparing MRF fluxes against observations for Manhattan, Kansas. Using essentially the same version of the NCEP model, they found very large latent heat flux directed upward and sensible heat flux directed downward for high wind speed at night. Betts et al. attributed the excessive fluxes to overly large drag coefficients for highly stable boundary layers.
The reanalysis forecasts, available every 5 days starting July 5 for SOP-1, are checked to see if the surface energy deficit in Table 2 was consistent with the evolution of surface temperature. It is found that the six 12-h forecasts have average surface temperatures of Ϫ69.1ЊC at 88.54ЊS. This is 4.2ЊC colder than the monthly average for the reanalysis. Thus the surface temperature evolution appears to be consistent with the net energy balance in Table 2 . Figure 11 shows that the plotted balance terms vary little over Antarctic latitudes. The negative surface net balance is very close to the magnitude of the excessive latent heat flux. The heat flux up from the subsurface is zero over the Antarctic ice sheet and has a value of a few watts per square meter over latitudes with ice shelves and sea ice. The net balance becomes strongly negative over open water, which is present north of 68ЊS. For SOP-2 during austral spring, energy balance terms are plotted between 65ЊS and the South Pole in Fig. 12 , and the balance at 88.54ЊS is shown in Table  3 . An important difference between the operational forecasts and the reanalysis is that net radiation is within about 5 W m Ϫ2 of the climatologically observed values for the operational forecasts and it is has a deficit of about 25 W m Ϫ2 for the reanalysis. This results from the net longwave radiational cooling, which is about 50 W m Ϫ2 too large. The excessive net shortwave radiation is unable to compensate for the longwave radiation. Again, the deficit in cloudiness contributes to the longwave and shortwave errors. It is interesting that the net surface energy balance is negative south of 75ЊS during this time of seasonal warming. Despite the negative balance, the lower boundary temperatures are about 7ЊC warmer than the climatological observations near the South Pole. A realistic seasonal heat flux into the snowpack could help provide a drag on the seasonal change and reduce the surface temperature. The relatively warm surface temperature in the reanalysis is apparently enhanced by the downward sensible heat flux. The observations suggest that sensible heat flux is of opposite sign and should contribute to cooling of the surface. In summary, the energy balance forecast by the operational model appears to be more realistic than that in the reanalysis during spring 1994.
The energy balance for the summer SOP is shown by Fig. 13 and Table 4 . The reanalysis sensible heat flux is of relatively small magnitude over Antarctic latitudes for January. Consequently, cooling by the latent heat flux must contribute to balancing the positive net radiation. Stearns and Weidner (1993) did not provide an estimate of latent heat flux at the South Pole for January; however, their estimate for December, 23.4 W m Ϫ2 , suggests that the reanalysis value of 6.2 W m Ϫ2 is too small. This contrasts with the surprisingly large magnitude of latent heat flux during winter when the static stability was much larger. Again, significant deficits in the downward longwave radiation, cloudiness, and albedo impact the radiation. The shortwave and longwave errors tend to cancel, resulting in the net radiation being about 7 W m Ϫ2 too low near the South Pole. The nonexistent heat flux between the surface and snowpack probably contributes to the lower boundary layer temperature being about 4ЊC warmer than the observed climatological mean. A comparison of the surface energy balances for the operational forecasts and reanalysis for SOP-3 in Table 4 shows significantly more similarity than is seen for SOP-1 and SOP-2. Differences for SOP-3 include a smaller net radiation and no heat flux into the snowpack for the reanalysis.
From Fig. 13 , it is apparent that the net surface energy balance during SOP-3 becomes increasingly positive north of about 85ЊS. The zonal average of the net surface energy balance increases to the north due to large positive balances over open water. Between 85Њ and 75ЊS, however, the surface is almost all Antarctic ice sheet, permanent ice shelf, or sea ice. The horizontal distribution of the balance (not shown) indicates that the balance is near zero over the ice sheet, about 10-30 W m Ϫ2 over the Ross Ice Shelf, and even larger over the Ronne-Filchner Ice Shelf. The net radiation is correspondingly large over the permanent ice shelves. This accounts for the net radiation and net energy balance increasing to the north over these latitudes. Figure 14 shows the upward and downward fluxes of longwave and shortwave radiation. Net shortwave radiation is excessive over Antarctic latitudes, partly due to value of the surface albedo, about 0.75. Observations suggest that the albedo is actually about 0.81. The net shortwave radiation is fairly constant over Antarctic latitudes. Near the South Pole, net longwave cooling is also too large,
FIG. 14. As in Fig. 13 except for downward shortwave radiation (stars), upward shortwave radiation (triangles), upward longwave radiation (hexagons), downward longwave radiation (circles), and net radiation (diamonds).
thus compensating for the shortwave radiation. The downward longwave radiation increases more rapidly to the north than the upward longwave radiation. Therefore, net longwave cooling decreases and the net radiation increases to the north. The resulting positive summer balance over sea ice and ice shelves is consistent with the experience of the NCEP sea ice model forced by the MRF. A more realistic sea ice albedo (Grumbine 1994 ) was one of the changes incorporated in the January 1995 model update. In summary of the findings regarding the surface energy balance of the reanalysis, the balance is shown to be roughly equal to or degraded from that of operational forecasts during the three FROST SOPs.
Conclusions
The FROST study, including July 1994 (SOP-1), 15 October-15 November 1994 (SOP-2), and January 1995 (SOP-3) provides an ideal opportunity for evaluation of model forecasts of the surface energy budget in Antarctic latitudes. The present study examines the surface balance produced by the NCEP MRF for operational weather forecasts and the recent NCEP-NCAR reanalysis. Recurring features of the surface energy balance include excessive net longwave radiation, insufficient cloudiness in the middle troposphere, and excessive magnitude sensible heat flux. The longwave errors are largely the result of a persistent deficit in downward longwave radiation by about 30-50 W m Ϫ2 . During the spring and summer SOPs, the excessive longwave cooling at the surface is primarily balanced by excessive solar shortwave heating resulting from the highly transparent atmosphere and the ice surface albedo near 0.75. Observations by King and Connolley (1997) Ϫ2 for the reanalysis. In the operational forecasts, excessive heat flux up from the snowpack also helps to balance the longwave cooling during the winter SOP. For the operational forecasts during the spring SOP, sensible heat flux produces an excessive heating contribution by about 20 W m Ϫ2 . This results in warmer than observed low-level atmospheric temperatures and excessive heat flux into the snowpack. A significant change in the energy balance results from an extensive model update beginning with the operational forecasts initialized on 11 January 1995 during the summer SOP. The update results in a significant increase in surface temperature, possibly due to the loss of cooling by heat flux into the snowpack. The updated model formulation is also used for the reanalysis.
The energy balance over Antarctica in the reanalysis is, in general, degraded from that of the operational forecasts for the winter and spring SOPs and roughly equivalent for the summer SOP. Latent heat flux during spring and especially winter is too large in the reanalysis for the cold Antarctic environment. During winter, the latent heat flux for the reanalysis is at least an order of magnitude larger than the generally very small observed values. This is apparently the result of a bias for nighttime stable boundary layers with high wind speed that was discussed by Betts et al. (1996) . Sensible heat flux is excessive in magnitude and tends to heat the surface during the polar night for both the analysis and the operational forecasts.
The NCEP forecasts for Antarctic latitudes could be made more realistic in terms of the surface energy balance with several modifications. The surface albedo can be increased, and the diagnostic cloud prediction scheme or the moisture budget processes can be modified to produce more realistic Antarctic fields. The sensible and latent heat fluxes can be reduced toward the observed values by using parameterizations appropriate for extremely stable boundary layers. The heat flux through the Antarctic ice sheet and permanent ice shelves can be better treated. Another suggested improvement is to treat the permanent ice shelves as part of the Antarctic continent rather than as sea ice. A fundamental modeling problem that may be more difficult to solve, yet is highly significant to the surface energy balance, is the deficit in downward longwave radiation. Improvements to the NCEP MRF forecasts are regularly implemented. Nevertheless, all these suggestions are still relevant as of the final revision date of this paper.
